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ABSTRACT
The outer haloes of the Milky Way (MW) and Andromeda (M31) galaxies contain as much
important information on their assembly and formation history as the properties of the discs
resident in their centres. Whereas the structure of dark matter (DM) haloes has been studied
for a long time, new observations of faint structures hiding in the depths of the stellar halo
have opened up the question of how the stellar halo is related to the DM underlying it. In
this paper, we have used the Constrained Local UniversE Simulation (CLUES) project to
disentangle the stellar and DM components of three galaxies that resemble the MW, M31
and M33 using both DM-only simulations and DM + gas-dynamical ones. We find that stars
accreted in substructures and then stripped follow a completely different radial distribution
than the stripped DM: the stellar halo is much more centrally concentrated than DM. In order
to understand how the same physical process – tidal stripping – can lead to different z = 0
radial profiles, we examined the potential at accretion of each stripped particle. We found that
star particles sit at systematically higher potentials than DM, making them harder to strip.
We then searched for a threshold in the potential of accreted particles φth, above which DM
particles in a DM-only simulation behave as star particles in the gas-dynamical one. We found
that in order to reproduce the radial distribution of star particles, one must choose DM particles
whose potential at accretion is 16φsubhalo, where φsubhalo is the potential at a subhaloes edge
at the time of accretion. A rule as simple as selecting particles according to their potential at
accretion is able to reproduce the effect that the complicated physics of star formation has on
the stellar distribution. This result is universal for the three haloes studied here and reproduces
the stellar halo to an accuracy of within ∼2 per cent. Studies which make use of DM particles
as a proxy for stars will undoubtedly miscalculate their proper radial distribution and structure
unless particles are selected according to their potential at accretion. Furthermore, we have
examined the time it takes to strip a given star or DM particle after accretion. We find that,
owing to their higher binding energies, stars take longer to be stripped than DM. The stripped
DM halo is thus considerably older than the stripped stellar halo.
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1 IN T RO D U C T I O N
According to the current accepted cosmological model, the Universe
is composed of 26 per cent cold dark matter (CDM), 70 per cent
dark energy () and 4 per cent baryons (e.g. Spergel et al. 2007).
Structure in the so-called CDM cosmology forms from the bottom
up (White & Rees 1978; Davis et al. 1985) – the first objects to
collapse at high redshift are small subgalactic units, which condense
out of small perturbations in the initial density field. These clumps
E-mail: nlibeskind@aip.de
then merge in a hierarchical fashion to construct the large bound
objects we observe in the local universe. Visible luminous matter –
stars – are believed to be formed when giant molecular clouds
collapse in the potential wells of these bound blobs of DM and gas.
The merging process gives rise to DM haloes, which today
host bright central galaxies such as the Milky Way (MW) and the
Andromeda galaxy (M31) in their cores. The outskirts of such DM
haloes are populated by a two-component medium: diffuse mat-
ter and matter bound to substructures. Much of the mass is found
bound to satellite galaxies which orbit within their parent halo. The
properties (age, orbital parameters, spatial distribution, kinematics,
etc.) of luminous satellite galaxies can teach us a lot regarding the
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formation of their hosts and have been the target of numerous ob-
servational and theoretical studies. Indeed, the past 5 years have
seen an increased focus on the detection of satellite galaxies and
has resulted in around a dozen new satellites being detected by the
Sloan Digital Sky Survey (SDSS; Koposov et al. 2008; Belokurov
et al. 2009).
Yet, the z = 0 satellite galaxy population is not a full survey of
all the substructures accreted by the parent DM halo, since many
substructures accreted at high redshift will, by z = 0, have been
tidally disrupted by the host potential, resulting in the stripping of
DMs and stars. Indeed, it is believed that the stellar halo – stars
exterior to the central galaxy and not bound to substructures –
was formed by the tearing of stars from accreted satellite galaxies.
Cooper et al. (2010) argue that the vast majority of stars in the MW’s
halo were stripped from just one or two large satellites. Zolotov
et al. (2009) have studied the stellar halo in gas-dynamical/N-body
simulations and have identified that in fact the stellar halo has a
dual origin: part of it was created via tidal stripping of stars from
disrupted satellites, and part was pushed out of central galaxies
during minor mergers. In a follow-up paper, Zolotov et al. (2010)
argue that the metallic abundance patterns (of [Fe/H] and [O/Fe]) of
stars can be used to distinguish between theses different formation
mechanisms.
Observations using the SDSS by, e.g., Bell et al. (2008) have in-
dicated that the MW’s halo is consistent with being formed entirely
out of accreted debris material. This is in disagreement with obser-
vations by Carollo et al. (2008) who find clear differences between
kinematical properties of the inner and outer stellar halo – stars in
the inner halo are found to exhibit a net prograde rotation, while the
outer halo is dominated by retrograde motion. It has been suggested
that the differences in net rotation of stars in the halo betray a dual
origin, a result recently supported by Beers et al. (2011) who find
differences in kinematics for inner and outer halo stars.
The situation with M31 is similar as observations seem to favour
an accreted origin. By studying the ages of stars in the halo, Brown
et al. (2008) argue against an in situ origin and, because the stars are
by and large relatively old, they argue for a hierarchical build-up
of M31. By focusing on the metal enrichment, Gilbert et al. (2009)
too seem to argue for an entirely accreted stellar halo with little
evidence of in situ star formation.
The assembly history of the DM halo, on the other hand, is
more difficult to pin down as direct observations are by definition
impossible. Yet, many authors (e.g. Klypin et al. 2001; Wechsler
et al. 2002; Zhao et al. 2003; Diemand, Kuhlen & Madau 2007,
and references therein) have used N-body simulations to determine
the relative importance of the two main ‘modes’ of halo growth:
diffuse accretion versus mergers. Most recently, Wang et al. (2010)
have used the Aquarius simulation and found that ambient accretion
contributes the largest amount of material to the dark halo.
It is thus unclear if the conclusions drawn from observations of
our stellar halo – that the stars were stripped from infalling satellite
galaxies – are consistent with DM-only simulations which point
towards a diffuse smoothly accreted halo where mergers and debris
material play a minor role. In this paper, we disentangle these two
components in order to understand how they co-evolved.
2 ME T H O D S
In this section, we describe in brief the simulations used as well
as the halo- and subhalo-finding algorithm employed to identify
satellites.
2.1 Constrained simulations of the Local Group
The simulations used in this work are embedded in the Constrained
Local UniversE Simulation (CLUES) project and have been already
studied in a number of recent papers (e.g. Libeskind et al. 2010,
2011; Knebe et al. 2010, 2011; Klimentowski et al. 2010). We
refer the reader to those papers (in particular Libeskind et al. 2010)
for details on how the constraints were generated and how the
simulations were run: we highlight just the salient points here for
clarity.
We choose to run our simulations using standard CDM initial
conditions, which assume a 3-year Wilkinson Microwave Anisotropy
Probe cosmology (Spergel et al. 2007), i.e. m = 0.24, b = 0.042,
 = 0.76 and h = 0.73. We use a normalization of σ 8 = 0.75
and an n = 0.95 slope of the power spectrum. We use the MPI code
GADGET2 (Springel 2005) to simulate the evolution of a cosmological
box with side length of Lbox = 64 h−1 Mpc, before applying the zoom
technique (see e.g. Klypin et al. 2001) around a region of interest.
Instead of seeding our initial conditions as just a random cube
of space, the initial conditions of our volume are constrained to
reproduce, at z = 0, a number of objects that compose the local
environment (see Hoffman & Ribak 1991, for details on how con-
straints initial conditions are generated), including a ‘Virgo’ clus-
ter, a ‘Coma’ cluster and a ‘Local Group’. Our method allows us
to properly constrain the large scales (i.e. those still linear by z =
0) but we do not constrain the Local Group itself. In order to ob-
tain a Local Group in the correct environment, three low-resolution
constrained simulations are run with varying random seeds. Each
z = 0 low-resolution simulations is then examined and, if an ob-
ject that resembles the Local Group is found (by construction this
will be in the correct place), these initial conditions are selected for
high-resolution resimulation.
Our initial density field includes both DM and gas particles.
Under the right conditions, gas particles may spawn star particles
which interact gravitationally in the same way as DM (i.e. as point
particles with a given softening length). Each gas particle may have
up to two star formation episodes, each time spawning a star of
half its original mass. In order to conserve mass, we reduce the gas
particle’s mass each time a star particle is spawned, resulting in
gas particles that have one or two times the mass of star particles
(corresponding to gas particles that have spawned one or no star
particles). When a gas particle spawns its second star particle, it
ceases to exist. Star particles represent stellar populations and are
given by the metallicity of the gas particle that spawned it. The
massive stars born (with M > 10 M) in this population explode
instantaneously as Type II supernovae, polluting the environment
with metals and producing stellar winds. More details on the star
formation prescription can be found in Libeskind et al. (2010).
We resimulate just the region of interest around the Local Group.
We centre a sphere of radius 2 h−1 Mpc around the Local Group and
populate it with ∼5.2 × 107 low-mass, high-resolution particles.
Within our Local Group, we are thus able to achieve a particle mass
of just MDM = 2.54 × 105 h−1 M for DM and Mstar = 2.21 ×
104 h−1 M for star particles.
Our constraints reproduce a cosmography which closely resem-
bles the observed Local Group. In Table 1, we compare properties
of the simulated Local Group with observations of the real one.1
Although our results do not match the observations perfectly, the
1 In a future paper we intend to study in detail the cosmography produced
by our constrained simulations.
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Table 1. The z = 0 properties of the simulated and observed
Local Group (LG). From top to bottom, we show the following
properties: the mass of the MW’s halo (MMW), the mass of
M31’s halo (MM31), the mass of M33’s halo (MM33), the virial
radius of the MW halo (rMW), the virial radius of M31’s halo
(rM31) and the virial radius of M33’s halo (rM33). Note that the
‘observed’ virial radii are calculated from the observed virial
masses; they are thus unreferenced.
Property Simulated LG Observed LG Reference
MMW 6.57 × 1011 M 1012 M 1, 2, 3
MM31 8.17 × 1011 M 8.2 × 1011 M 4
MM33 2.02 × 1011 M 6 × 1010 M 5
rMW 220 kpc 253 kpc
rM31 245 kpc 237 kpc
rM33 183 kpc 100 kpc
References. (1) Xue et al. (2008); (2) Klypin, Zhao & Somerville
(2002); (3) Smith et al. (2007); (4) Seigar, Barth & Bullock
(2008); (5) Corbelli (2003).
cosmography simulated using our constraints captures the essence –
in terms of mass and distances – of the observed Local Group.
In addition to our gas-dynamical smoothed particle hydrodynam-
ics simulation, we also have a DM-only version seeded from the
same initial conditions. A comparison between the two simulations
has already been highlighted in Libeskind et al. (2010) and Knebe
et al. (2010). The DM-only simulation has similar spatial and mass
resolution and reproduces the same three main haloes as the gas-
dynamical simulation. We use the DM-only simulation solely in
Section 3.2, where we try to find a recipe by which particles in
a DM-only simulation can be used to reproduce the radial distri-
bution of the stellar halo, without the necessity of a complicated
semi-analytical model.
2.2 The halo- and subhalo-finding algorithm
In this section, we explain how our halo- and subhalo-finding
algorithm works. In order to identify haloes and subhaloes in
our simulation, we have run the MPI+OpenMP hybrid halo
finder AHF (AMIGA halo finder, to be downloaded freely from
http://popia.ft.uam.es/AMIGA) described in detail in Knollmann
& Knebe (2009). AHF is an improvement of the MHF halo finder
(Gill, Knebe & Gibson 2004), which locates local overdensities in
an adaptively smoothed density field as prospective halo centres.
The local potential minima are computed for each of these density
peaks, and the gravitationally bound particles are determined. Only
peaks with at least 20 bound particles are considered as haloes and
retained for further analysis. In practice, for this work, we only
consider subhaloes with more than 100 particles. We would like
to stress that our halo-finding algorithm automatically identifies
haloes, subhaloes, sub-subhaloes, etc. For more details on the mode
of operation and actual functionality, we refer the reader to the code
description paper (Knollmann & Knebe 2009).
For each halo, we compute the virial radius rvir, that is the radius r
at which the density M(< r)/(4πr3/3) drops below virρback. Here
ρback is the cosmological background matter density. The threshold
vir is computed using the spherical top-hat collapse model and is a
function of both cosmological model and time. For the cosmology
that we are using, vir = 355 at z = 0.
Subhaloes are defined as haloes which lie within the virial radius
of a more massive halo, the so-called host halo. As subhaloes are
embedded within the density of their respective host halo, their own
density profile usually shows a characteristic upturn at a radius rt 
rvir, where rvir would be their actual (virial) radius if they were
found in isolation.2 We use this ‘truncation radius’ rt as the outer
edge of the subhalo, and hence subhalo properties (i.e. mass, density
profile, velocity dispersion, rotation curve) are calculated using the
gravitationally bound particles inside the truncation radius rt. For a
host halo we calculate properties using the virial radius rvir.
We build merger trees by cross-correlating haloes in consecutive
simulation outputs. For this purpose, we use a tool that comes with
the AHF package and is called MergerTree. As the name suggests, it
serves the purpose of identifying corresponding objects in the same
simulation at different redshifts. We follow each halo (either host or
subhalo) identified at redshift z = 0 backwards in time, identifying
as the main progenitor (at the previous redshift) the halo that both
shares the most particles with the present halo and is closest in
mass. The latter criterion is important for subhaloes given that all
their particles are also typically bound to the host halo, which is
typically orders of magnitude more massive. Given the capabilities
of our halo finder AHF and the appropriate construction of a merger
tree, subhaloes will be followed correctly along their orbits within
the environment of their respective host until the point where they
either are tidally destroyed or directly merge with the host.
2.3 Identifying the stellar halo
In this section, we explain the nomenclature used for the different
particle sets in our analysis. We exclude from our analysis the inner
baryonic component (i.e. the galactic disc) and use the term ‘outer
halo’ to refer to the region between 0.1rvir and rvir. We identifying
those DM and stellar particles that at z = 0 are within this region and
then excise all particles bound to substructures. We call the ‘Swiss
cheese’ like remains the diffuse (stellar or DM) halo. We focus our
analysis on the origin of this diffuse component.
We refer to star particles in the diffuse outer halo as the ‘stellar
halo’. For each of these particles, our simulation provides us with
the age of the universe when it formed. Since star particles by
construction can only be formed in high-density environments (and
are thus bound to a subhalo at the moment of their birth), we can use
the star particle’s age to locate the appropriate snapshot and thus
the (sub)halo in which the star was spawned. If the star formed in
the main progenitor of its z = 0 host, we say the particle formed ‘in
situ’; if it formed in any other halo, we say it formed ‘ex situ’.
Ex situ stellar halo particles have thus been stripped from the
accreted substructure within which they were born and orbit within
the parent as debris material. We thus also refer to these particles
as ‘stripped’ star particles and use this term interchangeably with
‘ex situ’. In situ halo star particles were formed in the centre of the
progenitor of the host halo and are then pushed out by merging or
migrational processes (e.g. Zolotov et al. 2009).
For the diffuse DM halo, particles may also be stripped from
accreted subhaloes. Unlike star particles, however, DM particles
may also be ‘smoothly’ accreted – in other words, accreted by
the main progenitor either individually from the ambient cosmic
background or in substructures below our subhalo resolution limit
of 100 particles.
2 Please note that the actual density profile of subhaloes after the removal of
the host’s background drops faster than for isolated haloes (e.g. Kazantzidis
et al. 2004); only when measured within the background still present will
we find the characteristic upturn used here to define the truncation radius rt.
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In this work, we have used the term stripped particles to denote
those particles that become unbound from the subhalo in which
they were accreted by any physical mechanism. Our term is general
in that we do not differentiate between tidal or resonant stripping
(D’Onghia et al. 2009).
Throughout this paper, we choose not to stack our three haloes
into single plots, since the variety of results obtained is significant
and due to the different and unique merger histories of each halo.
3 R ESULTS
We begin by studying the radial distribution of mass within each
(DM and stellar) component. In Fig. 1, we show the diffuse mass
interior to a given radius as a function of radial distance from the
centre, for DM (black solid) and stars (red solid) for our three galaxy
haloes. We normalize each component by the total diffuse halo mass
within the outer halo. Note that the diffuse DM makes up roughly
80 per cent of the halo’s full virial mass (Gao et al. 2004) and is
used in the semi-analytical investigations of Cooper et al. (2010) as
a proxy with which to study the stellar halo.
When comparing the stellar component to the DM component
(the solid red line to the solid black line), a very stark difference
is immediately visible. Although star and DM particles are treated
equally in the simulations gravity calculation, their z = 0 distribution
differs dramatically in that the star particles are highly concentrated
towards the centre of the outer halo, while the DM roughly follows
an Navarro–Frenk–White (NFW) distribution (not shown here, but
see e.g. Wang et al. 2010).
The extreme central concentration of stars is likely due to ra-
diative cooling, which causes gas particles to lose energy, fall to
the centre of the halo where the densities are high enough for star
formation, adiabatically contract the DM and deepen the potential,
a result that has been known since at least Blumenthal et al. (1986).
Yet, star particles can also fall to the centre by losing angular mo-
mentum through dynamical friction against the halo background (as
can the DM), a process known to be more effective for clumps that
contain baryons (El-Zant, Shlosman & Hoffman 2001; Romano-
Dı´az et al. 2008). These two routes of galaxy formation are both
important and have been studied in great detail by, e.g., Oser et al.
(2010). Thus, in order to better understand how this difference in
Figure 1. The cumulative mass profile (i.e. total mass fraction within a radius r) for the diffuse component of our MW (upper left), M31 (lower left) and M33
(upper right) outer haloes. Both DM (black) and stellar (red) curves are normalized by the total mass in the respective diffuse component within the outer halo.
The solid red curve shows the mass profile of the diffuse stellar component. The red dot–dashed line shows the mass profile for those stars born within the
main progenitor, known as ‘in situ’ stars. The dashed red line shows the mass profile for stars accreted in clumps and later stripped from them such that at z =
0 they are bound just to the main halo. Similarly, the solid black curve shows the mass profile of the diffuse DM component. The dot–dashed black curve shows
this quantity for smoothly accreted DM and the dashed black line represents the mass profile for stripped debris material.
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radial profile of the diffuse component has arisen, we must examine
in greater detail each component individually.
We now focus on the stellar component, specifically on its two
constituent subsets: in situ and ex situ star particles. The stripped and
in situ stars display considerably different radial profiles (red dotted
and red dashed curves, respectively, in Fig. 1), perhaps not surprising
given their different physical origins. Whereas the cumulative in situ
stellar mass rarely grows beyond 0.2rvir, the stripped stars are found
in abundance at all radii throughout the stellar halo.
Note that in situ stars contribute very little to the total mass when
averaged over the entire diffuse halo. The outer haloes are dominated
by ex situ star particles that comprise ∼80 per cent of the MW’s
outer halo and ∼90 per cent of M31’s and M33’s outer halo. The
exact amount is due to the unique merger history of each individual
halo. Because the outer halo is mostly made up of these stripped
particles, their mass profiles dominate the total mass profile of the
outer halo. The fact that the stellar halo is composed primarily of
stripped stars bodes well since this population has direct counterpart
in the DM component.
We now look at the two components of the diffuse DM halo, the
smoothly accreted and stripped particles. Note that the smoothly
accreted component has no stellar counterpart since a negligible
number of star particles are ‘pre-stripped’ and smoothly accreted.
From Fig. 1 we see that the smoothly accreted DM constitutes the
major part of the outer diffuse DM halo, contributing ∼60–70 per
cent to its mass. Furthermore, its radial distribution has roughly
the same shape as the total outer DM halo (not surprisingly since
it dominates the halo’s mass) and is markedly different from the
stripped DM debris.
Unlike the smoothly accreted DM, the stripped DM (shown in
Fig. 1 as the dashed black line) has a direct counterpart among
the star particles (see above). Yet, the two stripped profiles have
completely divergent shapes and it is difficult to find any similarities
between the two populations. Furthermore, stripped DM contributes
just ∼40, ∼30 and ∼25 per cent to the total mass of the outer halo
for the MW, M31 and M33, respectively (versus ∼80–90 per cent
for stripped stars).
But how different are the radial profiles of just the stripped
stellar and DM components when normalized to their respective
rvir masses? In Fig. 2, we plot the radial profiles of these two
components. The two curves clearly deviate substantially from each
other, both qualitatively and quantitatively. Stripped stars (red lines
in Fig. 2) are, as noted earlier, significantly more centrally concen-
trated than the stripped DM (black line). Note that the cause for
this discrepancy cannot be the deeper potential of the host – adia-
batic contraction of the DM due to radiative cooling of the gas only
affects the region interior to 0.1rvir (see fig. 2 of Libeskind et al.
2010).
Thus, despite the fact that these two populations are born out of
the same physical processes (and treated equally by the simulations
gravity calculator), they still have at z = 0 very different radial
distributions. We now examine the origin for this dichotomy.
3.1 Examination of the potential at accretion
The chance that a particle will at some point become stripped from
the clump that it was bound to at accretion depends on a variety of
properties of the subclump (for example its orbit, internal structure,
spin, etc.). One important factor is the nature of the potential well
of the subhalo that each accreted particle sits in at accretion. The
potential of each particle at accretion can be calculated by assuming
that the accreted subhalo obeys spherical symmetry. The potential
at a distance r from the subhalo’s centre is thus
φ(r) = G
∫ r
0
M(< r ′)
r ′2
dr ′ + φ(0), (1)
where φ(0) is normalized such that the potential is null at infinity
(cf. the appendix of Knollmann & Knebe 2009). At the subhaloes
edge, the potential is
φsubhalo = −GMtot
rvir
. (2)
Since the depth of a potential well at the centre of a subhalo is
a measure of the concentration (which in turn depends on other
subhalo-dependent properties like the total mass or formation time;
see e.g. Zhao et al. 2003; Mun˜oz-Cuartas et al. 2011, among others),
we normalize the potential of each particle by the potential at the
subhaloes edge to obtain a dimensionless number that is more or
less independent of global subhalo properties.
We plot the distribution of the logarithm of this value in Fig. 3 for
stars (red) and DM (black). The vertical dashed lines indicate the
Figure 2. The cumulative mass profile (i.e. total mass fraction within a radius r) for just the stripped component of the diffuse haloes of our MW (left), M31
(centre) and M33 (right) haloes. Both DM (black) and stellar (red) curves are normalized by the total mass in the respective stripped component within rvir.
The dashed blue curve corresponds to those DM particles in the gas-dynamical simulation whose potential at accretion (φsph) was greater than 101.169, 101.036
and 101.079 times that of the host (φsubhalo) they were accreted in. The dashed black line corresponds to those DM particles in the DM-only simulation whose
potential at accretion (φDM) was greater than 101.239, 101.133 and 101.299 times that of the host for the MW, M31, and M33, respectively. See Section 3.2 for
more on how these thresholds were obtained.
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Figure 3. The cumulative (top) and differential (bottom) distribution of the logarithm of a particle’s potential at accretion (φacc) normalized to the value of the
potential at the subhalo’s virial radius (φsubhalo). In black we show this distribution for DM and in red for star particles. The median values are shown by the
vertical dashed lines and are 101.03 (100.93), 101.02 (100.87) and 101.22 (101.1), for the stars (DM) in the MW, M31 and M33 haloes.
median values, which for the stars are always more than 10×φsubhalo.
This means that the stars that get stripped and which subsequently
end up dominating the stellar halo had, at the time of accretion, a
potential 10 times greater than that at the edge of their host subhalo.
This is a reflection of the fact that stars are ‘more bound’ than other
particles in the same subhalo; yet, there is some tension because
the more bound a particle is to its subhalo, the less likely it is to be
stripped from it. The stripped DM, on the other hand, occupies ‘less
bound’ regions of the subhalo’s potential at accretion, evident by
the fact that the median potential is always significantly lower than
that for the star particles. It may be counterintuitive that so many
stripped particles have apparently high values of log φacc/φsubhalo,
but this is a direct result of the fact that particles in subhaloes are
not uniformly distributed; instead, the majority of the particles that
make up a subhalo are concentrated in the centre of the subhalo,
where the potential is much higher than at the subhalo’s edge.
In essence, Fig. 3 reflects the distribution of binding energies
at accretion of stripped particles. We could have plotted this value
instead, but by normalizing by the potential at the halo’s edge we
obtain a dimensionless quantity which is subhalo-independent.
Fig. 3 reveals that DM particles are stripped from the fluffier
outer regions of a subhalo, while star particles are stripped from the
deep interior of their subhaloes. This can explain why the number
of stripped star and DM particles is so different: not only are there
fewer stars to strip to begin with, but they are harder to strip after
accretion.
3.2 Finding a DM subset that mimics the stellar halo
We wish to thus identify a subset of the DM that follows at z =
0 the same radial distribution as the stripped stars but that does
not – in any way – depend on stellar properties. In this way, pure
DM-only simulations may be used and a subsample that accurately
reproduces the stellar radial distribution can be obtained.
From Fig. 3 we know that stars were more tightly bound in bigger
subhaloes at the moment of accretion, while the stripped DM was
more loosely bound to smaller subhaloes when they fell in. We thus
wish to choose DM particles that sit at the same depth (or deeper)
of the potential well as the stripped stars. In principle, we could
easily select a subsample of DM particles whose distribution of
log φacc/φsubhalo perfectly matches that of the stars; yet, we wish our
criteria for subselecting the DM to be independent of any stellar
properties.
We thus define a threshold φth for the value of φacc/φsubhalo above
which all DM particles are selected as a proxy for stars. After
defining a threshold and obtaining a DM subsample, we examine the
radial distribution of these particles and compare it (by calculating
χ 2) to the star particle curves in Fig. 2. By smoothly varying φth and
examining the value of χ 2 for each halo, we are able to obtain a DM
subsample which very closely matches the stellar radial distribution.
Although the optimum φth varies slightly across our three haloes,
it does so weakly having values of φthMW = 101.169 ≈ 15, φthM31 =
101.036 ≈ 11 and φthM33 = 101.079 ≈ 12, for the MW, M31 and
M33, respectively. We plot the radial distribution of DM particles
that meet the φth criteria in Fig. 2 as the dotted blue line, and note
that by selecting these subsets we nearly perfectly recover the radial
stellar distribution for each halo. Note that roughly the same number
of DM particles meet these criteria as halo star particles.
Yet, in order to develop a rule by which DM-only simulations can
be used to study the stellar halo, we must attempt to match the radial
distribution of a subset of DM particles in a DM-only simulation to
the stripped star particles in the gas-dynamical one. The thresholds
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mentioned above work well for the gas-dynamical simulation but,
since the potential of each halo is affected by adiabatic contraction
due to the collapsed baryons, the limit is not directly comparable to
DM-only simulations.
In order to address this concern, we perform the exact same anal-
ysis we have thus far presented on our DM-only simulation. We
perform the same χ 2 minimization test to obtain the best-fitting
radial profile of DM particles in the DM-only simulation. We show
this distribution as the dashed black line in Fig. 2. In order to repro-
duce the stripped stellar distribution, we need to select DM particles
that are slightly deeper than their counterparts in the gas-dynamical
simulation, having potentials greater than φthMW = 101.239 ≈ 17,
φthM31 = 101.133 ≈ 14 and φthM33 = 101.299 ≈ 20, for the MW,
M31 and M33, respectively. The necessity of selecting particles at
a deeper part of the potential in DM-only simulations is due to the
relatively shallower potentials in simulations without baryons.
We note that the numbers of stripped DM halo particles that
meet the φsubhalo criteria in the gas-dynamical simulation are ∼2,
5 and 6 per cent of the total stripped halo for the MW, M31 and
M33, respectively. This fraction is roughly the same as is found
in the DM-only simulations where ∼1, 3 and 3 per cent of the
diffuse stripped halo meet the criteria for the MW, M31 and M33,
respectively. Furthermore, the absolute number of particles that
meet these criteria is roughly the same across all three haloes and is
the same order of magnitude as the number of stars in the stripped
stellar halo.
We now attempt to obtain a universal threshold in the potential at
accretion of DM particles in DM-only simulations that reproduce
the stripped stellar profile at z = 0. We begin by averaging the
stripped stellar profile of our three haloes and plotting it as the
red line in Fig. 4. We then co-add the diffuse stripped DM halo
particles and select DM particles according to whether they are
Figure 4. The co-added cumulative diffuse halo radial profile at z = 0
averaged over our three haloes. In red we show the stellar distribution. The
black lines indicate different thresholds in the potential, above which DM
particles in our DM-only simulation were selected. The dashed line is thus
the radial distribution of DM particles that at accretion had potentials greater
than 15φsubhalo times the potential at the subhaloes edge. The dot–dashed
line is for potentials greater than 16φsubhalo and the triple-dot–dashed line is
for potentials greater than 17φsubhalo. The bottom panel shows the residuals
when the stellar distribution is subtracted.
above or below the threshold potential φth at accretion. We examine
three fiducial values for the threshold: φth = 15φsubhalo, 16φsubhalo
and 17φsubhalo, and plot the radial distribution of DM particles that
meet these criteria as the dashed, dot–dashed and triple-dot–dashed
lines in Fig. 4. In the bottom panel of Fig. 4, we show the residual
value when the DM profile is subtracted from the stellar profile. We
note that the best value is φth = 16φsubhalo, and returns a distribution
that is within 2 per cent of the stellar profile. Thus, a rule as simple
as selecting particles according to their potential at accretion is able
to reproduce the radial distribution resulting from the complicated
physics of star formation.
Note that increasing the threshold selects particles from deeper
in the potential well (e.g. φth = 17φsubhalo, the triple-dot–dashed
line in Fig. 4) of the halo they were accreted in and results in
a more centrally concentrated z = 0 distribution. This is because
particles with higher potentials at accretion are harder to strip –
this requires their subhaloes to be on highly radial orbits such that
pericentric passages bring them into regions where tidal forces are
strong enough to rip them from their hosts. This occurs only towards
the centre of the halo and results in their deposition closer to the
halo centre.
We have now obtained a ‘rule’ by which DM particles can be
selected in order to reproduce the z = 0 radial distribution of star
particles. The rule is fairly simple: for each DM particle that is
bound to a subhalo at accretion and later stripped, it must be sitting,
at the moment of accretion, at a position in the potential well of
its host that is deeper than ∼12φsubhalo in a radiative gas-dynamical
simulation and at a potential that is deeper than ∼16φsubhalo in a
DM-only simulation. In this way, a DM-only simulation can be
used to study the stellar halo without a complicated semi-analytical
model to treat the baryons. This rule is consistent across our three
haloes.
Note that despite this universality our three haloes have very
different histories. The halo of M33 had a relatively quiet mass
accretion history, growing by smooth accretion and minor mergers
for the past ∼10 Gyr. In contrast, the haloes of M31 and the MW
experienced a more violent past with major mergers occurring more
frequently and more recently. Our small sample size of just three
haloes thus represents a very wide variety of mass accretion histo-
ries. Although it is difficult to derive a universal relation based on
a sample size of just three haloes, the fact that we find the exact
same threshold value of 16φsubhalo across haloes with very different
mass accretion history hints at the possibility that this is indeed a
universal relation.
3.3 The assembly of the stripped halo
In Section 3.1, we showed that star particles and DM particles
occupy different parts of a (sub)halo’s potential at accretion. Since
star particles sit deeper in their host’s potential, we can infer that
they are thus harder to strip and will thus become unbound later than
DM. For each particle in the stripped halo, we can thus measure
how many Gyr after accretion the particle becomes unbound from
its substructure and begins to orbit in the diffuse halo as debris.
In Fig. 5, we show the cumulative distribution of this quantity.
Star particles take a considerably longer amount of time to become
unbound than their DM counterparts. For example, if one examines
the fate of particles ∼1 Gyr after accretion, we see that ∼70 per cent
of DM particles have been stripped, while just ∼40 per cent of star
particles have been stripped. Some star particles are so deep in the
potential wells of their hosts that it can take up to half a Hubble
time to strip them, while a very small fraction of DM particles that
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Figure 5. The fraction of particles that are stripped from their subhaloes after a given period of time. In red we show star particles and in black DM. The fact
that at accretion star particles are deeper in their host potential is reflected by the fact that it takes longer to strip a given fraction of star particles than DM ones.
end up getting stripped will still be bound after such a long period
– they will be stripped much earlier.
The fact that it takes star particles significantly longer to be
stripped than DM particles leads to the conclusion that the stellar
halo was assembled later than the diffuse DM halo. In Fig. 6, we
show the fraction of the stripped stellar and DM halo in place as a
function of time since the big bang. Note that after ∼5 Gyr the DM
halo grows faster than the stellar halo – reflective of the ease with
which DM particles are stripped. As a result, the stripped stellar
halo is considerably younger than the DM one. In Fig. 6, we also
show the age at which 50 per cent of the halo debris has already
been deposited and note that this is always earlier for the DM halo
by around ∼0.5 Gyr.
For each particle in our simulation, we know the redshift at which
it was accreted and the redshift at which it was stripped. We may
thus ask the question: ‘after accretion, what fraction of the future
particle’s life is spent in its subhalo and what fraction is spent
orbiting the main halo as stripped debris’? This question gives us
a feel for how efficient tidal stripping is in our subhaloes. DM
particles spend on average 10 per cent of their post-accretion life
still bound to their subhalo of origin and massive 90 per cent of
their post-accretion life orbiting as debris. As expected from the
above arguments, stellar particles spend more time still bound to
their subhaloes of origin: on average they spend 15 per cent of their
post-accretion life in subhaloes and just 85 per cent of their time
orbiting as debris. Note that these numbers are averages over all
particles. Many particles – e.g. those accreted in substructures on
circular orbits – will spend more time bound to their substructures
than orbiting as debris material.
4 D I S C U S S I O N A N D C O N C L U S I O N S
In this paper, we have studied three Galaxy-sized haloes formed
in a constrained simulation of the Local Group. The three galaxies
have approximately the same size and relative positions (as well as
some other properties) as the observed Local Group members and
are therefore refereed to as MW, M31 and M33. By construction,
the galaxies are formed in an environment whose bulk properties
(e.g. distance to a Virgo mass cluster) closely match observations.
We use our constrained Local Group to focus on the similarities and
differences in the origin of the DM and stellar halo.
We have focused our analysis on attempting to understand why
stripped DM particles orbiting in the parent halo have a completely
different radial distribution than ex situ star particles, which were
unbound by the exact same process. Specifically, the stars are more
centrally concentrated than the DM, which roughly follows an NFW
profile (e.g. Wang et al. 2010). Their different z = 0 distribution
implies that the process of tidal stripping must be operating on
different subsets of the particles’ distribution.
We searched for a subset of the DM particles that is indistin-
guishable from the stellar halo, in order to understand how these
very similar components evolved differently from each other. We
found that DM particles (in a gas-dynamical simulation) that had
potentials at accretion of at least ∼12 times the potential at the
subhalo’s edge are able to closely match the radial distribution of
star particles. In a DM-only simulation, the threshold above which
selected DM particles reproduced the stellar halo distribution was
∼16 times the potential at the subhaloes edge.
Our threshold value is constant across the three haloes we have
studied with very small scatter, despite the fact that our small sample
size of three (roughly) MW-sized haloes have very different mass
accretion histories.
We have thus found a method through which the stellar halo may
be modelled without the need of running a semi-analytical model
to treat the baryons. By simply selecting those particles at accretion
whose potential is greater than the threshold value quoted here, a
set of particles can be identified that nearly perfectly matches the
stellar distribution.
The implications of this work are therefore that the stripped stel-
lar halo reflects the fate of material that sits deep in a halo’s potential
well in an absolute sense, not in a relative one. It is important to note
that selecting a fraction of DM particles according to their relative
binding energy at accretion (e.g. the 10 per cent most bound parti-
cles) will not successfully reproduce the z = 0 stellar distribution
unless the 10 per cent most bound particles sit within a region of
the potential which is greater than ∼16 the potential at the host’s
edge. In fact, selecting the 10 per cent most bound DM particles at
accretion returns a halo profile which follows the DM and is around
20 per cent less centrally concentrated than the stars. This is be-
cause star formation occurs according to a local density criteria, not
according to a ‘global’ property, such as a particles binding energy
relative to the entire subhalo. A given halo will only form stars in
its centre if (a) it is large enough to retain its gas and shield it from
photoionization (e.g. Benson et al. 2003) and (b) the potential in
its centre is deep enough such that the gas density may trigger star
formation. Thus, the likelihood of star formation depends just on
structural parameters (like concentration) and whether densities in
a halo’s centre are high enough.
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Figure 6. The fraction of the stripped stellar (red) and DM (black) halo in place as a function of the age of the Universe. The dashed lines show the median
of the distribution: the age at which 50 per cent of the halo has been built up. The DM median is always earlier than the stellar median, reflective of the fact
that at a given time more of the DM halo is in place than the stellar halo. Half the mass of the stripped DM halo is in place 0.47, 0.44 and 0.65 Gyr before the
stellar halo for the MW, M31 and M33, respectively.
Additionally, since the particles that sit in the deepest regions of
the subhalo are harder to unbind, they will become unbound later –
this implies that the stellar halo is younger than the DM halo:
the star particles that compose the stellar halo were unbound from
their substructures and deposited in the halo at lower z, than the
DM. When we observe stars in the outer halo of the MW or M31,
we must take care drawing conclusions regarding the DM haloes
assembly.
The diffuse DM halo has profoundly different properties to the
diffuse stellar halo. Its lack of central concentration dominates its
global profile. Although there are some detailed differences among
our three haloes in the relative contribution from in situ and stripped
material to the stellar background, the bottom line is that DM par-
ticles cannot serve as a proxy for star particles unless care is taken
in their selection.
Two main results have been presented here. The first is that the
stars that constitute the diffuse stellar haloes form at the bottom
of the potential well of subhaloes, and hence are more bound at
infall than the corresponding DM particles that make the diffuse
DM halo. This is a ‘trivial’ fact reproduced by all simulations of
galaxy formation, yet there is no general consensus on the details
underlying this fact. The other novel and non-trivial result is that one
can find a simple mapping that enables the association of a subset
of the DM particles with the stellar halo particles. The mapping is
based on one single parameter, namely the scaled value of the depth
of the potential well within which the halo stars formed. Such a
simple mapping of the stellar halo and the subset of DM particles is
a robust outcome of the hierarchical nature of galaxy formation. Yet,
the actual value of the parameter that controls the mapping most
probably varies with the particular implementation of numerical
simulations of galaxy formation. This parameter might vary with the
details of how star formation and feedback processes are modelled,
as well as on the particular numerical schemes applied. This is
posed here as an open question that we hope will be addressed by
practitioners in the field.
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